Introduction
Hydrogen gas (H 2 ) is considered a promising future energy source and has numerous applications in industry, such as chemical production, automobiles, and fuel cells. The use of H 2 gas involves dangers associated with hydrogen storage and operation because of the high risk of explosion at H 2 concentrations greater than 4% (lower explosive limit (LEL)) in air [1] . However, H 2 gas detection has been difficult without specialized equipment because H 2 gas is odorless, tasteless, and colorless. The general techniques of H 2 gas sensing, such as gas chromatography and mass spectroscopy, have several limitations such as slow response, large system size, low portability, and high cost.
To detect H 2 gas, the sensing system requires a small size, rapid response, and high portability, sensitivity, and selectivity. Many attempts have been made to develop gas sensor devices based on ceramic-based metal-oxide sensors, two-dimensional (2D) material-based sensors, mixed composite structures, structures decorated with second-phase particles, and metal-oxide-graphene based gas sensors [2] . While the nano-material-based hydrogen gas sensor possesses a great sensing performance, the metal-oxide sensors are good candidates for commercializing sensors since it is compatible with the commercial CMOS (complementary metal-oxide semiconductor) process. As such, one could easily realize small/portable sensors with signal processing. N-type semiconductors for metal-oxide gas sensors, such as SnO, ZnO, TiO 2 , and WO 3 , have been used under normal atmospheric conditions and typical working temperatures in the 200-400 ∘ C range [3, 4] . There have been many reports of sensitivity enhancement by modifying the design of noble metals, such as platinum (Pt), gold (Au), palladium (Pd), and silver (Ag) [5, 6] . Favier et al. reported that the sensor 2 Journal of Nanomaterials response appears to involve the closing of nanoscopic gaps caused by the dilation of Pd grains undergoing hydrogen absorption; therefore, Pd could be a favorable candidate for H 2 gas sensing [7] . Pd nanoparticles (5-20 nm) have also been reported in the sensing layer of surface acoustic wave (SAW) devices for detecting H 2 [8] .
A change in the metal-oxide resistance results from a gain of surface electrons following the reaction of hydrogen with adsorbed oxygen. The TiO 2 films have been investigated by introducing different dopants such as Pt, carbon nanotubes (CNT), and Pd. It has been reported that the catalyst, such as Pt and Pd, favorably absorbs H 2 molecules and, in turn, dissociates into hydrogen atoms that diffuse to the surface of the metal-oxide (spillover process).
To fabricate a sensing layer, a sol-gel Pt/TiO 2 film [9] and Pd/TiO 2 by anodic oxidation Ti plate and sputtered Pd [1] was fabricated. For Pd/TiO 2 : Al, titanium metal was treated with an arc furnace and used with e-beam evaporation for Schottky contacts [10] . A TiO 2 thick film was placed in a dip coating by a H 2 PtCl 6 solution for Pt/TiO 2 [11] . An electrodeposited PdNi-Si has been reported for Pd 0.71 Ni 0.29 [12] . A graphene/zinc oxide (ZnO) nanocomposite was also reported [13] . For nanotube fabrication, TiO 2 -nanotubes are generally fabricated by anodizing a titanium sheet [3, 14] . More recently, a Pd-loaded SnO 2 particle was synthesized using a sol-gel SnO 2 and Pd impregnation technique [4] . The hydrogen sensor of the Pd-decorated tubular TiO 2 layer was prepared by anodization with patterned electrodes on the SiO 2 /Si substrate [15] . SnO 2 -and TiO 2 -based gas sensors are widely used due to its low cost, long-term stability, and high sensitivity to hydrogen gas. It has been reported that the change in electric resistance of the gas sensing layer is caused from the surface reaction between the adsorbed oxygen species and target gas. Many fabrication processes have been reported for H 2 gas sensing; however, the deposition of the sensing layer has been restricted to the wet process such as sol-gel, electrodeposition, and electroplating, in which largearea uniformity and low power consumption are difficult to achieve.
In this study, in order to overcome the previous limitation, we fabricated the highly sensitive H 2 sensors with the physical vapor deposition process, which is compatible with the commercial CMOS process. Moreover, we reduced the power consumption by forming the sensing materials on MEMS platform.
Materials and Methods

Sensing Layer Deposition.
For the sensing layer, we loaded samples into a high-vacuum sputtering chamber through a load-lock transfer system which allows deposition on a series of thin films without venting the main chamber. Firstly, TiO 2 layer was deposited on selected area in MEMS platform by a magnetron reactive sputter at a constant target DC power of 500 W until the thickness of TiO 2 film reached approximately 200 nm. Then, Pd thin film (0, 3, 4.5, 6.5, and 13 nm) was deposited on TiO 2 film. The process pressure was approximately 6 × 10 −3 mTorr. After a multilayer deposition, we annealed the TiO 2 /Pd multilayered samples in an atmospheric environment tube furnace at 550 ∘ C for 1 hour to crystalize the TiO 2 films and change Pd film to PdO NPs (nanoparticles). Finally, we acquired PdO NPs decorated TiO 2 sensing layer.
Sensing Layer Characterization.
The microscopic images of the device and thin films were characterized by a field emission scanning electron microscope (FE-SEM; Nova SEM, FEI), atomic-force microscope (AFM; XE-100, Park Systems), and X-ray diffraction (XRD; DMAX 2500, Rigaku). In order to measure the film thickness of PdO with several nanometer thicknesses, we used the depth profile from the Auger electron spectroscopy (AES) of PdO deposited on to the TiO 2 film. The depth profile from the AES of PdO deposited with (a) 3, (b) 4.5, (c) 6.5, and (d) 13 nm on to the TiO 2 film thickness of the PdO film was converted from the sputtering time using AES's sputtering rate of 3.3 nm/min. We calculated film thickness from the sputtering time when Pd changed to Ti.
Hydrogen Sensing Performance on Microheater.
To test hydrogen gas sensing performance, we prepared the MEMS gas sensor that formed on a SiN membrane using a bulk micromachining technique. The device consisted of a heating electrode (Pt, 200 nm), insulating layer, sensing electrode Pt (150 nm), and sensing layer of TiO 2 (20 nm)/PdO (3-13 nm). We designed a reaction chamber of gas sensing system with a volume of 8.4 liters and injected hydrogen gas with the prepared volume to meet the desired concentration using a sample dilution of hydrogen gas in the reaction chamber. The gas in the reaction chamber was circulated with an electric fan. We measured the heating profiles using an infrared camera (MobIR5 M8 IR Thermographic Camera). Figure 1 shows the XRD patterns of the (a) TiO 2 films and (b) PdO NPs decorated TiO 2 film with four PdO different thicknesses. In Figure 1(a) , the XRD patterns exhibited strong diffraction peaks at 25.4 ∘ and 48 ∘ which indicated the main peaks of the anatase (101). We calculated the average grain size of the TiO 2 using XRD peak broadening based on the Scherrer formula [16] . The observed particle size of 200 nm thick TiO 2 thin film layer was a nanometer scale of approximately 4.8 nm. Figure 1(b) demonstrates the XRD patterns of the PdO NPs decorated TiO 2 film with different PdO thicknesses ranging from 0 to 13 nm. We deposited in situ TiO 2 and Pd by using magnetron reactive sputtering and annealed TiO 2 /Pd multilayered samples in an atmospheric environment tube furnace at 550 ∘ C for 1 hour. After the annealing process, we confirmed the formation of PdO (index: red diamond in Figure 1(b) ). When the thickness of PdO increased, the main peak of PdO 2 = 33.8 ∘ was also increased, which indicated an improvement in the crystallization of the PdO thin films. A clear detectable peak of the PdO phase can be observed in the XRD pattern, even at 3 nm PdO thickness. Lallo reduced for thinner films [17] . We confirmed that the Pd films after annealing at 550 ∘ C for 1 hour were completely oxidized to PdO.
Results and Discussion
The SEM images of the PdO NPs decorated TiO 2 film are shown in Figure 2 . The film thickness was calculated as 3.0, 4.5, 6.5, and 13 nm using a depth profile from the AES (see Figure 4) . We clearly observed grain growth with an increase in the PdO film thickness. It is generally accepted that the presence of PdO (or Pd) particles or films is essential to achieve high sensitivity for H 2 gas sensing. After a 3 nm deposition, we observed clear PdO grain formation on the TiO 2 films, and the grain size increased with the PdO thickness. The grain size and surface roughness of the PdO/TiO 2 surface were also examined using AFM, as shown in Figure 3 .
The root mean square (RMS) roughness linearly increased with PdO thickness. AFM observations showed that the RMS roughness increased with the PdO film thickness.
Generally, Pd thin films (<10 nm) are changed to PdO nanoparticles during the annealing. The size of nanoparticles is dependent on initial thin film thickness. In addition, size and distribution of Pd nanoparticles affect gas sensing properties by changing the current path and forming depletion region. Valden et al. [18] have reported that the cluster diameter of Au NPs affects the catalytic activity, and Zhang and Colbow reported catalytic effects of Ag NPs as a function of the initial Ag film thickness [19] .
Regarding PdO NPs effects on the TiO 2 sensing layer, it is generally reported that PdO strongly affects the gas sensing properties of the metal-oxide due to their catalytic effect such as electronic and chemical sensitizations [20] [21] [22] . The distribution and size of PdO, therefore, are a critical factor to enhance the gas sensing properties. When small size PdO nanoparticles were presented, only a limited portion of the surface has a depleted region by aforementioned electronic sensitization. Meanwhile, when large size PdO clusters are represented on TiO 2 films, the effect of H 2 adsorbates was reduced since chemical sensitization was generated at three regions (metal-oxide, catalysts, and gas). Therefore, optimal dispersion of the PdO NPs allows the depleted region of the TiO 2 surface and the influence of the catalyst to extend throughout the entire surface of the semiconductor; in turn, it enables high sensitive properties to H 2 gas.
We expected that optimal dispersion of the PdO nanoparticles was acquired with PdO thickness range from 3 to 6.5 nm. Interestingly, with PdO films thickness of 13 nm, we observed different gas response signal. Figure 4 exhibits the depth profile from the AES of PdO thickness of (a) 3, (b) 4.5, (c) 6.5, and (d) 13 nm on the TiO 2 film. The thickness of the PdO film was converted from the sputtering time using the AES's sputtering rate of 3.3 nm/min. We confirmed film thickness from AES depth profile and calculated the interface of PdO and TiO 2 which was 3, 4.5, 6.5, and 13 nm, respectively. After deposition of the Pd thin film, we annealed the Pd/TiO 2 films at 550 ∘ C for 1 hour in an air atmosphere and acquired the PdO NPs decorated TiO 2 films.
The schematic three-dimensional structure of the proposed MEMS-based gas sensor is shown in Figure 5 . For fabricating MEMS-based gas sensor, using low pressure chemical vapor deposition process (LPCVD), we deposited a SiN film (2 m thick) on a p-type Si (100) substrate. Then we deposited 200 nm thick Pt film that was used for microheater. Note that a 10 nm thick Ti film was used for adhesion layer to increase the adhesion properties between SiN and Pt. The Pt heater was patterned using standard photolithography and then etched using reactive ion etcher (RIE). Here, we used an ONO insulating layer made of a SiO 2 (500 nm)/SiN (250 nm)/SiO 2 (250 nm) structure on Pt heater to acquire thermal stability and mechanical stability that are important in the temperature rising/falling process. Note that we deposited ONO insulating layer using plasmaenhanced chemical vapor deposition (PECVD) for acquiring low residual stress and good adhesion. After annealing the multilayer films at 500 ∘ C, contact holes of Pt heater were formed using the STS AOE Deep Reactive Ion Etch (DRIE). For the sensing electrode, Pt/Ti (150 nm/30 nm thick) interdigitated electrodes (IDEs) with the 20 m interspacing between fingers were fabricated. The rear SiN membrane window (0.8 mm × 1 mm) patterning was conducted using reactive ion etching and then the bulk silicon was wet etched with a KOH silicon etchant. Finally, we cut the wafer into unit sensors (2.5 mm × 2.5 mm) with a wafer sawing machine. When we applied voltage across the Pt heaters on unit sensors, the temperature rapidly increased and then quickly dropped when the voltage was removed. Figure 6 shows the sensor signal output signal with four different PdO thicknesses. The H 2 gas concentrations of 100, 200, and 400 ppm were sequentially applied to the PdO NPs decorated TiO 2 films for four different PdO thickness of (a) 3, (b) 4.5, (c) 6.5, and (d) 13 nm. Without PdO layer, we observed no significant output (see Supplementary Materials: Figure S2 ). We applied dc field to microheater and power consumption was 33 mW. Low power consumption is an essential criterion for portable IoT (Internet of things) applications. We designed the optimal microheater with a line width of 60 m and calculated the power consumption to be 33 mW at 2.0 V (see Supplementary Materials: Figure  S1 ). When voltage was applied to the microheater, the temperature increased because it converted electrical energy to thermal energy. Regarding the temperature with applied voltage using an infrared camera, the microheater allowed a high coefficient of temperature increase of 5.7 ∘ C/mW. We conducted all the experiments under humidity conditions of 45 ± 2.5%. With the increase of H 2 gas of 100, 200, and 400 ppm concentrations, the output signals of the sensors linearly increased with H 2 gas concentration for the 3, 4.5, and 6.5 nm thick PdO on TiO 2 film gas sensor (Figures 6(a)-6(c) ) and we observed a fast response of H 2 for the 3, 4.5, and 6.5 nm thick PdO. For 3 nm PdO, we calculated response time as 11 sec at 33 mW. Note that we estimated the response time for signals that reached 90% of the mean baseline value of the detection signal [23] . We determined that the power of 33 mW also corresponded to a surface temperature of approximately 150 ∘ C. By increasing input power, surface temperature increases, which then increases sensor output and response time. We determined the sensor sensitivity (the slope of the sensor output voltage versus H 2 concentration) to check the effects of temperature on sensitivity. For 3 nm PdO NPs decorated TiO 2 sensing layer, under the operating temperature of 150 ∘ C (33 mW), the sensitivity was calculated as 6 V/ppm. Interestingly, in cases with a 13.5 nm PdO decorated TiO 2 sensor (Figure 6(d) ), the sign of the output signal was negative. Moreover, we observed that the response time and recovery time also required significantly more time compared with 3, 4.5, and 6.5 nm thick PdO on TiO 2 film. The Pd deposition has been reported to effectively improve the hydrogen sensing abilities of the sensor because of the catalytic effect of Pd [24] . The catalyst, such as Pt and Pd, favorably absorbed the H 2 molecules, which then dissociated into H atoms that diffused to the surface of the metal-oxide (spillover process) [25] . For 13.5 nm thick Pd film, we expect that they did not change to discontinuous NPs; in turn, they still fully covered TiO 2 film surface, leading to inactive TiO 2 surface to H 2 gas. In the case of the PdO layer with a thickness of 13.5 nm, the sensing layer acts as a sensing layer, not a catalyst layer, so that the sensing signal appears to be opposite to that of the PdO layer having a thickness of 3, 4.5, and 6.5 nm.
The H 2 sensing mechanisms of Pd-(PdO-) based sensors can be classified into two categories [26] . Firstly, in case of presenting of nanogap structure (discontinuous structure), when a Pd structure is exposed to H 2 , a Pd/H solid solution is formed at low H 2 concentrations. At high concentrations of H 2 , there is a 3.5% volume expansion due to the numerous H atoms incorporated into Pd. Since nanogaps in Pd structures interfere with electric current flow, volume expansion after H 2 exposure allows the nanogaps to be closed, leading to a substantial inflow of electrical current. As a result, the electrical resistance (conduction) of H 2 sensors abruptly decreases (increases) when exposed to H 2 and recovers to the initial base resistance (base conduction is zero) after removal of H 2 . Secondly, in contrast to presenting nanogap, H atoms can be incorporated into the continuous Pd structures and act as electron scattering sources, so that electrical resistance increases. In this case, the electrical resistance increases with increase in H 2 concentration, because the frequency of electron-H scattering increases as the amount of H atoms in the Pd structures increases.
Conclusion
To conclude, our findings provide a methodology for the deposition of H 2 sensing thin films of PdO NPs decorated TiO 2 films using sputtering. Subsequent thin film characterization using XRD, SEM, AFM, and AES depth profiles was used to observe the deposition parameters for PdO NPs decorated TiO 2 films. It was found that the sputtering thickness of the catalytic PdO layer greatly influenced the surface morphology, which resulted in gas sensing properties. We acquired the sensitivity as +6 V/ppm for 3 nm PdO decorated TiO 2 sensor under 33 mW power consumption while the sign of the output signal was negative for 13.5 nm PdO decorated TiO 2 sensor.
